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Pearl millet is a climate-resilient crop of marginal agro-ecologies and semi-arid tropics of Asia and Africa. With 
substantial nutritional qualities crop requires low inputs and is capable of giving economic returns. Development 
of high-yielding hybrids is an important breeding objective for pearl millet worldwide. The knowledge of genetic 
diversity is a prerequisite for developing superior hybrids. In the current study, attempts were made to evaluate 
the diversity of 17 important Indian pearl millet inbred genotypes and one popular hybrid 9444 using fluorescent 
labeled SSR markers. A total of 342 polymorphic alleles with an average of 4.62 alleles per primer were produced 
from 74 SSR markers. Polymorphic information content (PIC) ranged from 0.10 to 0.89 with an average of 0.55. 
A very low level of heterozygosity was detected in genotypes. The average genetic dissimilarity detected between 
pairs of inbred lines was 0.66. Genetic dissimilarity estimates calculated among the inbred lines varied from 
0.108 (AIMP-03 and AIMP-08) to a maximum of 0.851(AIMP-03/AIMP-08 and 81B). The results indicated that 
sufficient genetic variability is available in studied genotypes which can be exploited through heterosis breeding 
to develop hybrids. The study also presents a suit of SSR markers that could be effectively used for genetic di-
versity analysis in pearl millet.   
1. Introduction 
Pearl millet [Pennisetum glaucum (L.) R. Br.] is a nutritious staple crop 
of poor people in the arid and semi-arid tropics of the world [1]. It is a 
crop of choice in hot and dry climates. Pearl Millet ranks as the sixth 
most important crop (29 million ha area) globally, sustain one-third of 
the world’s population [2]. India has seven million ha area under pearl 
millet with a production of 9.25 million tons [3]. In India, pearl millet is 
the third most widely cultivated food crop after rice and wheat [4]. It is 
an important and low-cost source of food for the urban poor. Its 
micronutrients contribution, particularly of iron (Fe) and zinc (Zn), 
varies from 30 to 50% of the intake of both micronutrients from cereals 
[5]. The green fodder is rich in protein, calcium, phosphorous and other 
minerals with low hydrocyanic acid content [6]. It is being experi-
mented as a new forage crop in South America and Korea [7]. Thus, both 
grain and forage are important for the adoption of improved cultivars. 
There is a new interest in the USA in growing pearl millet as grain crop 
because of its drought tolerance and high quality. 
Pearl millet can sustain with high temperature and drought, partic-
ularly on low-fertility soils with limited water and nutrient holding ca-
pacity [8]. In addition, it is a short-duration (65–90 days) crop that 
allows double cropping in many places. It has a great yield potential and 
can produce more forage than either sorghum or maize [9] therefore It is 
an attractive crop for failure agriculture to address environmental con-
cerns like global warming, erratic weather patterns with water scarcity 
and other abiotic stresses. The major factors that restrict the production 
potential of pearl millet are low hybrid coverage, slow varietal spread, 
no fertilizer and various diseases and pests. The major thrust of pearl 
millet breeding is to improve yield potential in fragile arid regions. The 
aims of pearl millet breeders are to develop the resistant germplasm 
against various biotic and abiotic stresses and development of geneti-
cally diverse hybrids. These problems, however, can be overcome to 
some extent by diversification of male-sterile lines, the improvement of 
restorers, and breeding heterogeneous and heterozygous single, as well 
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as multicross, hybrids to combat the twin problems of low yield and 
disease susceptibility [6]. 
The success of any crop improvement program depends on the 
availability of genetic diversity conserved in the germplasm [10]. The 
germplasm of pearl millet is endowed with a wide range of variations for 
several characters including yield and nutritional traits [11]. The 
availability, assessment, and exploitation of genetic diversity help to 
develop new cultivars and heterotic groups [12,13]. The genetic di-
versity can be easily assessed with DNA markers. The PCR-based DNA 
markers such as simple sequence repeats (SSRs) are powerful tools for 
detailed assessment of genetic diversity in crop plants. Molecular 
markers are already having an impact on pearl millet improvement [14]. 
Of the various DNA markers used previously to assess the genetic di-
versity in pearl millet cultivars and land races, SSRs declared more 
reliable due to their multi-allelism, genome specificity, even distribu-
tion, high polymorphism, simply automated and easy detection [15]. In 
pearl millet, SSRs have been used to develop linkage map and to map 
quantitative trait loci [16,1]. This study was carried out to assess the 
utility of fluorescent labeled SSR markers to assess the genetic diversity 
in elite pearl millet lines consisting of 17 important Indian pearl millet 
inbred genotypes (and a popular hybrid 9444) being used directly or as 
founder parents in the hybrid breeding programmes at ICRISAT, state 
agricultural universities (SAUs) and private sector seed companies. 
2. Materials and methods 
2.1. Plant material and, DNA isolation 
DNA was extracted from young leaves of 15 days old plant following 
Mace et al. [17] from a set of 18 genotypes (Table 1). Among the 93 SSR 
markers used, the PSMP series genomic SSR markers were obtained from 
Qi et al. [18–20]. The CTM and ICMP series SSRs were published by 
Budak et al. [21] and Senthilvel et al. [22], respectively. All SSRs were 
screened against 17 inbred and one hybrid (namely 9444). 
2.2. PCR amplification 
PCRs were performed in a 5 μl volume containing 5 ng DNA, 1 pmol 
of each primer, 2 mM dNTP, 25 mM MgCl2, 0.2U Taq DNA polymerase 
(Applied Biosystems) and 0.5 μl of 10 � PCR buffer (Applied. Bio-
systems). A touchdown amplification cycle was adopted for all reactions 
consisting of a 5 min denaturation at 94 �C, followed by five cycles of 94 
�C for 30 s, 62 �C for 30 s (decreasing by 1 �C per cycle) and 72 �C for 30 
s, then 30 cycles of 94 �C for 30 s, 52 �C for 30 s and 72 �C for 30 s, and 
final extension with a 20 min incubation at 72 �C. 
To examine the amplification, PCR products together with a 100- 
base pair ladder were separated electrophoretically on 1.2% agarose 
gels. To increase the throughput, after checking the amplification, PCR 
products generated by four different fluorescence dye-labeled primers 
were pooled in equal volumes and 1.5 μl each of FAM- VIC- NED- and 
PET-labeled product were mixed with 7 μl of formamide (Applied Bio-
systems), 0.2 μl of the GeneScan™ LIZ500® Size Standard (Applied 
Biosystems) and 3 μl of distilled water. Pooled PCR products were de-
natured and size fractioned using ABI 3730xl DNA Genetic Analyzer 
capillary electrophoresis (Applied Biosystems, USA). 
2.3. Statistical analysis 
The raw data files created by the DNA analyzer were processed for 
allele calling through GeneMapper® software version 4 (Applied Bio-
systems) for estimating the sizes of the PCR amplicons based on their 
relative mobility compared to the internal size standard LIZ500. A DNA 
marker was considered to be valid if it had a peak height of at least 100 
fluorescent units. The scoring was also manually checked two times. The 
basic statistics such as polymorphic information content (PIC), allelic 
richness as determined by a total number of the detected alleles and the 
number of alleles per locus, gene diversity, and occurrence of unique 
alleles and heterozygosity (%) were estimated using the PowerMarker 
V3.25 [23]. Simple matching allele frequency-based distance matrix was 
used in DARwin-5.0 program to dissect the genetic structure of geno-
types [24]. Support for clusters was estimated by bootstrap analysis 
using DARwin-5.0. Correlation among number of alleles, PIC and 
nucleotide repeat was calculated in R. 
3. Results and discussion 
3.1. Marker polymorphism 
Molecular markers are highly useful in precise differentiation of the 
landraces, hybrids and inbred lines; and thus their planned utilization in 
hybrid breeding programmes. During the past decades, various molec-
ular markers have been developed for pearl millet [25]. The amplicon 
fragment analysis of these markers is gel-dependent and has limited 
capability to rapidly assay large numbers of marker loci. However, the 
recent improvements in molecular marker technology, such as 
fluorescent-based automated DNA detection and fragment sizing allow 
cost-effective genotyping of SSRs to characterize the germplasm for crop 
improvement. 
SSR markers may offer advantages over SNPs in diversity analysis. 
Due to bi-allelic nature of SNPs, theoretically the PIC values can range 
between 0 and 0.5. On the other hand, since for SSR markers are mutli- 
allelic, the PIC values can go well above 0.5 [26]. Many times SSR data 
could be more in-line with the pedigrees compared to that of with SNP 
data [27]. Though in the current genomic era, SNP markers are 
becoming the marker of choice there are many facts that indicate mi-
crosatellite markers will continue to be useful and favorable markers 
[28]. This is due to the fact that (1) in many studies in-depth genotyping 
as provided by SNP markers are not required there SSRs are a suitable 
choice, (2) sample size can be largely expanded without significant cost 
when SSRs are used, which is costly with SNP (3) existed SSR-marker 
data can be readily incorporated and used with new studies; (4) 
Table 1 
Genotypes and their pedigree.  
Genotype Type of 
line 
Pedigree 
ICMB 841- 
P3 
B Downy mildew resistant selection from 5141B 
843-22B B Selection from KSU line BKM 2068 
863B–P2 B Togo-13-4-1 
AIMP 
92901-03 
Inbred Bred by random mating 272 Bold Seeded Early Seeded 
(BSEC) S1 progenies selected at Aurangabad and BSEC 
S1s bulk ex Pat/K91. 
AIMP 
92901-08 
Inbred Bred by random mating 272 Bold Seeded Early Seeded 
(BSEC) S1 progenies selected at Aurangabad and BSEC 
S1s bulk ex Pat/K91. 
ICMB 92777 B [843B x (ICMPS 500-4-4-3 x ICMPS 1800-3-1-2-C3-4)]- 
7-1-3 
ICMB 93333 B (843B � ICMPS 900-9-3-8-2)-21-8-4 
ICMB 95444 B (81–1164 DB/85–1856 LR-16-B x 843DMR1)-14-6-3 
ICMB 97111 B HTBC-48-B-1-1-1-1 
ICMB 89111 B [843B � (GnS � SS-48-40-4)-1-9-8]-30-B-B-1 
IPC1518 R ICRC – F4-146-3 
J2340 R Selection from (F 298 x F4FC   1498)-3-13-2-1-B 
ICMR 01004 R ICMR 01004 was originally selected as a BC4F3 
headrow (202) from a single selfed BC4F2 plant 
derived from the repeated backcrossing of donor 
parent ICMP 451-P6 with a pure line selection from H 
77/833–2: 
{{[((ICMP 451-P6xH 77/933–2)xH 77/833–2)xH 77/ 
833–2]xH 77/833–2}xH 77/833–2}-F2-202 
ICMR 356 R (B 282 x J 104)-12-B-B-B-B 
RIB 3135 R – 
81B B Induced downy mildew resistant selection from Tift 
23D2B 
ICMS 8511 Inbred Bred from 4 inbreds from DAT 1 in K084 
9444 Hybrid –  
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Table 2 
Amplicon size, polymorphic information content (PIC), gene diversity, and observed heterozygosity of the 74 simple sequence repeat (SSR) loci in 18 pearl millet 
genotypes. 
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multi-allelic nature of SSRs makes them highly suitable for studying 
small subpopulations; and (5) microsatellites are the best markers of 
choice for small-to-medium-throughput laboratories with limited 
budget. Unlike maize and rice, in case of pearl millet, SNP chips are still 
not available. 
A very few studies have been carried out on elite pearl millet 
germplasm using fluorescent-labeled SSRs as compared to other major 
cereal crops [29]. In the present study, a total of 74 (79%) SSRs were 
polymorphic in a panel of 18 pearl millet genotypes (Table 2). Allele size 
of the markers ranged from 100bp to 366bp. The number of alleles per 
aLinkage group adopted-in black font from Ref. [32]; in red [22]; Blue font [19]. 
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locus ranged from 2 to 13 (PSMP2081) with an average of 4.6 alleles per 
locus (Table 2). All sample analyses were conducted in two replications 
to test the reproducibility and only the reproducible and unambiguous 
peaks or alleles were used for the analysis. The SSRs with dinucleotide 
repeat motifs showed higher allele numbers than trinucleotide. This 
high polymorphism has also been detected in SSRs with dinucleotide 
repeat motifs in pearl millet Budak et al. [22]. The range in allele 
number and the average number of alleles detected were higher than 
those reported [21] (2–9 alleles across 15 inbred lines) and Senthilvel et 
al [22] (3.1 alleles per locus; 22 genotypes). However, the number of 
alleles per locus was comparatively lower than Mariac et al. [30] with 
2–18 alleles (6.8 alleles per locus) and Oumar et al. [31] with (12.5 
alleles per locus) which may be due to the study of the diverse world 
collection of germplasm. The reason for these differences presumably 
relates to the quantity and/or type of germplasm studied and the nature 
of the markers used. 
The polymorphic information content (PIC) values ranged from 
0.105 (PSMP2213) to 0.899 (PSMP2081), with an average of 0.551. 
More than 36% (27 SSR) markers had high PIC value and were between 
0.6 and 0.8 (Fig. 1). The mean PIC value across all the SSR loci was in 
line with previously reported [30,31,33,34] but little lower than that 
recorded by Gupta et al. [29] which could be due to the difference in the 
sampled germplasm. A significantly positive correlation was recorded 
between repeat motif and the number of alleles (0.60***); and PIC and 
number of alleles (0.51***). PIC values also showed a strong positive 
linear correlation with the number of alleles (r ¼ 0.85) implying that 
alleles amplified can be indirectly used to assess PIC in pearl millet 
(Fig. 2).Kapila et al. [34]. also reported similar results based on 72 
inbred lines of pearl millet using 34 SSR loci. 
Gene diversity is defined as the probability that two randomly 
Fig. 1. Bar diagram of Polymorphic information content (PIC).  
Fig. 2. Correlogram among SSR repeat motif, number of alleles and Polymorphic information content (PIC); *** ¼ Significant at 0.001 level of probability.  
Table 3 
Estimates of mean number of alleles and polymorphic information content (PIC) 
across seven linkage groups and repeat number groups of nucleotide motifs in 
pearl millet.  
Linkage groupa Number of alleles PIC 
LG1 (10) 5.20 0.67 
LG2 (11) 5.00 0.61 
LG3 (7) 5.28 0.62 
LG4 (5) 7.20 0.71 
LG5 (10) 5.20 0.56 
LG6 (8) 3.00 0.41 
LG7 (13) 4.46 0.52 
Unlinked (10) 2.80 0.43 
Repeat number groups 
10–20 3.38 0.43 
21–30 4.6 0.58 
32–40 5.5 0.67 
42–50 6.5 0.72 
>50 7.11 0.71  
a Value in parenthesis is number of marker in each linkage group (LG). 
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Table 4 
Pairwise dissimilarity indices of 18 pearl millet genotypes based 74 SSR markers.  
Genotype 9444 ICMB841- 
P3 
843- 
22B 
863B_P2 AIMP92901- 
03 
AIMP92901- 
08 
ICMB92777 ICMB93333 ICMB95444 ICMB 
97111 
ICMB89111 IPC1518 J2340 ICMR01004 R356 RIB3135 81B 
ICMB 841- 
P3 
0.770                 
843-22B 0.709 0.574                
863B–P2 0.750 0.709 0.662               
AIMP 
92901- 
03 
0.689 0.716 0.655 0.642              
AIMP 
92901- 
08 
0.689 0.743 0.655 0.642 0.108             
ICMB 
92777 
0.662 0.622 0.466 0.682 0.730 0.703            
ICMB 
93333 
0.716 0.595 0.493 0.723 0.676 0.635 0.365           
ICMB 
95444 
0.649 0.622 0.277 0.723 0.689 0.676 0.527 0.473          
ICMB 
97111 
0.635 0.676 0.439 0.588 0.703 0.703 0.473 0.554 0.500         
ICMB 
89111 
0.682 0.615 0.351 0.689 0.736 0.723 0.412 0.480 0.358 0.453        
IPC1518 0.615 0.770 0.703 0.709 0.703 0.689 0.676 0.622 0.676 0.649 0.676       
J2340 0.615 0.824 0.743 0.757 0.757 0.716 0.757 0.703 0.676 0.757 0.797 0.703      
ICMR 
01004 
0.655 0.730 0.757 0.716 0.716 0.703 0.743 0.689 0.689 0.703 0.743 0.797 0.689     
R 356 0.601 0.696 0.716 0.682 0.628 0.628 0.696 0.723 0.709 0.696 0.649 0.588 0.723 0.642    
RIB 3135 0.595 0.703 0.642 0.723 0.581 0.608 0.730 0.743 0.608 0.676 0.709 0.608 0.703 0.595 0.534   
81B 0.777 0.642 0.649 0.804 0.851 0.851 0.703 0.682 0.635 0.730 0.676 0.750 0.764 0.743 0.743 0.709  
ICMS 8511 0.730 0.709 0.703 0.770 0.743 0.770 0.669 0.669 0.757 0.716 0.716 0.770 0.797 0.770 0.777 0.676 0.473  
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chosen alleles from the population are different and it varied from 0.11 
(PSMP2213) to 0.89 (PSMP2081), with an average of 0.59. Oumar et al. 
[31]. found the same level of gene diversity in cultivated germplasm of 
pearl millet. This value is lower than the gene diversity (0.74) estimates 
observed in landraces by Stich et al. [35]. This difference might be 
explained by the fact that in the latter study genotypes were derived 
from landraces from West and Central Africa (WCA). 
Due to the codominant inheritance of SSRs, they facilitate analysis of 
genetic purity as well as homozygosity of the inbred lines [33]. A very 
low level of heterozygosity (%) was detected in the germplasm ranged 
from 0.00 to 0.17, with an average of 0.01 indicating that each SSR 
detected a single locus and that each of the genotypes used was inbred 
and homogeneous. However, detected heterozygosity for a few SSRs 
could be due to residual heterozygosity or occurrence of mutation at a 
specific SSR locus. 
Of the 342 alleles detected, 120 alleles were rare as exclusively 
present in one genotype. Rare alleles were detected in 52 (55.9%) SSR 
loci and ranged from 1 to 10 (PSMP2081) with an average of 2.3 rare 
alleles per locus. In general, markers detecting a greater number of al-
leles per locus detected more rare alleles. Limited information is avail-
able across the linkage groups wise genetic diversity in pearl millet. 
Average PIC (0.41–0.71) varied across the linkage groups in pearl millet 
(Table 3). Similar to Kapila et al. [34] PIC for LG 6 (0.41) was lesser than 
the remaining linkage groups indicating the evolutionary less dynamic 
nature of this linkage group. Moreover, the presence of important 
domestication genes might be responsible for low PIC of LG 6 which 
indicating the conserved nature of LG 6 in pearl millet [34,36]. 
3.2. Genetic dissimilarity and cluster analysis 
A dendrogram was constructed using the NJ method. This approach 
successfully categorized all the genotypes used. The bootstrap analysis 
revealed moderate to high statistical support for major nodes in the 
dendrogram. On the basis of polymorphism data, the average genetic 
dissimilarity detected between pairs of lines was 0.66, indicated 
considerable diversity among them (Table 4). Genetic dissimilarity es-
timates calculated among the genotypes varied from 0.108 (AIMP-03 
and AIMP-08) to a maximum of 0.851(AIMP-03/AIMP-08 and 81B). 
RIB3135 and ICMB841 were found to span the extremes of the 
dendrogram, with all other germplasm distributed in-between. Studied 
genotypes were grouped into three clusters, I, II and III with nine, six and 
three lines, respectively. R-lines were dispersed in cluster I indicate the 
significant genetic divergence among them. High genetic dissimilarity 
(>0.5) among R lines and (>0.6) between R lines and most of the 
maintainer lines indicates the promising performance in hybrid 
development. 
Out of nine inbreds grouped in Cluster I, three downy mildew 
resistant lines with a large grain (AIMP-03, AIMP-08 and 863B–P2) were 
derived from the Iniadi landrace from Togo and Ghana and four (R3135, 
R356, J2340 and ICMR01004) were restorer lines (Fig. 3). Some of the 
lines of this cluster derived from the Iniadi landrace known to have 
inherent drought tolerance mechanisms and having high grain Fe and Zn 
contents have been used as a parent in a mapping population to tag QTLs 
in pearl millet [5,16,37]. Grouping of Iniadi genotypes was expected 
hence results served as an internal control for our analysis Cluster II 
grouped B lines and most of the lines involving 843B as one of the 
parents in pedigree. The four B lines (ICMB 89111, ICMB 95444, ICMB 
92777 and ICMB 92777) are expected to cluster together as they share 
843B as a common ancestor. Inbred line ICMB 97444 and 843B clustered 
together at 28% dissimilarity had downy mildew resistance. These re-
sults are in line with previously reported by Kapila et al. [34]. B- Line 
ICMB 97111 had split at 48% dissimilarity from other lines of cluster II. 
This could be due to a derivative of HTBC (High Tillering Bajra Com-
posite) and 843B. Maintainer lines, ICMB 97111 and ICMB 93333, 
clustered together at 55% dissimilarity. These results indicate that B- 
lines were developed from a narrow gene pool. Cluster III included three 
Fig. 3. SSR marker based dendrogram showing clusters of 18 pearl millet genotypes.  
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low grain Fe and Zn containing small grain lines (81B, ICMS 8511 and 
ICMB 841-P3). Chowdari et al. [6]. and Kapila et al. [34] also reported 
grouping of 81A and 841A in same the cluster. 
4. Conclusion and implications 
The present study resulted in the development of a suite of SSR 
markers that can be efficiently used for the assessment of genetic di-
versity in inbred lines of pearl millet. The genetic relationships identi-
fied among the panel of inbred lines may be useful in designing 
strategies to improve the use of available genetic variation in the context 
of pearl millet breeding globally. This may include heterotic gene pool 
studies using SSRs [12], and developing a decision support system for 
generating crosses based on SSR-based genetic distance matrices. The 
highly polymorphic SSR loci will enable the population structure study 
in pearl millet and SSR based association mapping. The marker can also 
be used to confirm the hybridity of F1 plants generated through different 
pairs of inbred used in the current study. 
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